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The recent increase in the incidence of deformities among natural frog populations has raised
concern about the state of the environment and the possible impact of unidentified causative
agents on the health ofwildlife and human populations. An open workshop on Strategies for
Assessing the Implications ofMalformed Frogs for Environmental Health was convened on 4-5
December 1997 at the National Institute ofEnvironmentl Health Sciences in Research Triangle
Park, North Carolina. The purpose ofthe workshop was to share information among a multidis-
ciplinary group with scientific interest and responsibility for human and environmental health at
the federal and state level. Discussions highlighted possible causes and recent findings directy
related to frogdeformities andprovided insight into problems andstrategies applicable to contin-
uing investigation in several areas. Possible causes ofthe deformities were evaluated in terms of
diagnostics performed on field amphibians, biologic mechanisms that can lead to the types of
malformations observed, and parallel laboratory and field studies. Hydrogeochemistry must be
more integrated into environmental toxicology because ofthe pivotal role ofthe aquaticenviron-
ment and the importance offates and transport relative to any potential exposure. There is no
indication ofwhether there may be a human health factor associated with the deformities.
However, thepossibility thatcausal agents maybewaterborne indicates aneed toidentify the rel-
evant factors and establish the relationship between environmental and human health in terms of
hazard assessment. Key wordk amphibian malformation, environmental health. Environ Health
Perspect108:83-90 (2000). [Online 16 December 1999]
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Over the past two decades there has been a
rapid decline in amphibian populations
worldwide (1,2). Many contributing factors
associated with particular regions and species
have been identified or speculated and it is
likely that there are a variety of important
environmental interactions that can enhance
or ameliorate detrimental effects on local
amphibian populations. Over the last 3 years
considerable attention has been given to
observations of apparent increases in mor-
phologic abnormalities among several
amphibian species such as the northern leop-
ard frog (Ranapipiens), green frogs (Rana
clamitans), bull frog (Rana catesbeiana), and
mink frog (Rana septentrionalis). Reports of
abnormal amphibians in North America
have come from regions ofCanada and from
several U.S. states including Minnesota,
Wisconsin, and Vermont. It is not clear how
the abnormalities relate to amphibian popu-
lation decline or what the more far-reaching
implications for environmental decay may
be. However, because amphibians may be
relevant natural sentinels of environmental
contaminants and the importance ofaquatic
systems to human and ecologic health, there
is ample justification to investigate the
potential causes for the abnormalities (3).
Supernumerary hindlimbs and a few
cases of missing limbs among amphibians
have been documented (4-6). These
accounts have usually involved specific
species and sites that later were found to be
normal. However, the recent increases in the
frequencies of malformations involve several
species and widespread sites as well as a
greater incidence of ectromelia (missing
limbs) and ectrodactyly (missing digits) (7).
Deformities can be generated in amphibians
byseveral means, including changes in preda-
tion, endoparasite infestation and disease,
ultraviolet (UV) radiation (direct or by
chemical modification), mineral depletion
(e.g., calcium and magnesium), and natural
or man-made chemicals (8-16). Certain
retinoids are capable of producing many
types of developmental abnormalities in a
range ofspecies with differences in response
within species determined primarily by dose
and by time of exposure (17-21). There is
also ample evidence to support complex
interaction amongendocrine factors (22-24).
The current widespread deformities
among frogs seem to suggest a recent envi-
ronmental change and several issues have
been raised.
* What are the relative increases in malfor-
mation above the true historical back-
ground? There has been some discussion
that a proportion of the current observa-
tions is due to heightened awareness
among the observers.
* Is there an association between increased
incidence ofmalformations and types with
specific sites or conditions? Accurate field
studies of natural populations are difficult
to conduct and are subject to significant
samplingvariation.
* Can environmental agents or conditions
that are capable ofcausing abnormalities in
model systems be identified in the field?
This issue is further complicated by local
environmental matrices, which may greatly
alter the effect ofanysingle agent.
* What are the possibilities for detrimental
effects on the health of other natural
species, ecosystems, andhumans?
A major consideration in the issue of
frog deformity is our dependence on water
quality. Therefore, several groups from acad-
emic institutions and agencies at the state
and federal level have expressed an interest in
the status ofthe investigations. However, the
frog deformity issue is somewhat unique
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within the context ofthe normal conduct of
scientific investigation. Many of the initial
observations are anecdotal and the current
set ofcause-and-effect hypotheses has notyet
been sufficiently tested and reported in the
peer-reviewed literature. Concurrently,
research design decisions must be made for
the rapidly approaching next cycle ofseason-
al reproduction and development. The
objectives of the Strategies for Assessing the
Implications of Malformed Frogs for
Environmental Health workshop were to
disseminate some of the unpublished frog
deformity information in a discussion of
possible causes and strategies for assessing
the implications ofmalformed frogs for envi-
ronmental health. Because ofthe importance
ofsurface-groundwater flux, water age, and
fates related to agents in the aquatic environ-
ment, there should also be renewed emphasis
on hydrogeochemistry. Finally, there is a
need for integration of environmental and
human health studies in terms of hazard
identification and assessment.
A Perspective on Issues
The investigations into causes for frog mal-
formation have been unusually speculative,
highly visible, and at times contentious.
However, the progress of scientific under-
standing can always be improved byfocusing
less attention on competing speculations and
by adhering to the scientific method of
hypothesis testing. In the case of deformed
amphibians, we also need to indude a range
ofdisciplines/expertises in what has evolved
into a complex investigation with many
interrelated facets. From a field science point
ofview, greater attention must be given to
the reality that laboratory model systems
may be selected less for their appropriateness
than for their availability and ease ofacquisi-
tion. Each species has its own evolutionary
history and confidence in the direct correla-
tion ofsurrogate data may be inversely pro-
portional to evolutionary distance. It is also
necessary to understand whether the
observed effects of concern in the natural
populations actually exist or simply result
from anecdotal reporting bias. The involve-
ment of experienced field scientists should
be an early and integral component in any
process designed to understand potential
environmental impact. Effects observed in a
particular species may indicate environmen-
tal deterioration for that species, but the
extent to which the effects serve as predictive
bioindicators for other species or humans
may be unclear.
In the predictive integration of ecologic
and human health effects, the issues associat-
ed with surrogate/bioindicator/sentinel
species become pivotal. Experimentation
with the preferred species may be impractical
or impossible: it has been at the heart of
debates on human health hazards and risk
assessments for decades. Experimentation
continues with the same uncertainties in the
current drive to reduce the numbers and
phylogenies of species that may be used
predictively. The deformed frogs issue is
divided into two perspectives: the use of a
convenient surrogate species such as Xenopus
to guide questions ofimportance to the nat-
ural affected populations and the use of an
aquatic species to guide investigations rele-
vant to human health. In both cases the
validity of association depends on the con-
tinued improvement of mechanistic data
that may allow surrogate organisms to con-
tribute to the weight ofevidence. One ofthe
most important points to be reaffirmed rela-
tive to frog deformities is the need for
hypothesis-driven research. In the process of
investigation the hypotheses may be dis-
proven, but the concepts and the efforts are
not discredited.
Geographic Extent and
Incidence
An accurate assessment of change within a
population depends on a reference for com-
parison. Significant progress has been made
in the establishment of a national reporting
mechanism whereby reports of deformities
can be submitted, verified, and catalogued
according to location, species, and type of
malformation. Once organized and verified,
this information is currently available on the
Internet (25). For each report the database
contains the location, date ofsampling, num-
ber offrogs examined, number ofmalforma-
tions observed, and classification ofthe types
of malformations (missing limbs and digits,
extra/split limbs, eye abnormalities, jaw
abnormalities, and other unclassified abnor-
malities). The database could be useful in
making generalizations about rates and char-
acterizations among species and areas.
However, the data are heavily skewed toward
malformations and sites with known defor-
mities. This makes it difficult to use the data-
base to determine relative increase above
background. Recently, Hoppe (26) estimated
that the background incidence ofmalforma-
tion in areas where deformed frogs are being
reported is probably in the range of 0.5%
and similar background rates estimated by
Ouellet (27) for an area in Canada. These
similarities suggest that some of the areas of
Minnesota that were classified "unaffected"
for the purpose ofongoing comparative stud-
ies may, in fact, be only "less affected." An
accurate and more random evaluation ofthe
frequency ofabnormalities in natural popula-
tions is necessary, along with a better field
assessment of areas with putative high fre-
quencies ofabnormalities.
A Diagnostic Evaluation
Careful study of the abnormalities can pro-
vide important dues about the causal mech-
anisms. Abnormal development that gives
rise to malformations can be caused by
genetic or environmental factors (terato-
gens). Environmental factors include radia-
tion, hyperthermia, low oxygen, high carbon
dioxide, poor nutrition, and endogenous or
exogenous chemicals. The same teratogen
presented at different developmental ages can
initiate different malformations and different
teratogens presented at the samedevelopmen-
tal age can result in similar errors in develop-
ment and cause the same malformation.
Malformation was the most frequent
finding in abnormal newly metamorphosed
frogs submitted to the National Wildlife
Health Center (Madison, WI) from the
Vermont and Minnesota studies during the
summer of 1997. The types of malforma-
tions reported included completely missing
limbs, sometimes with agenesis ofthe ipsilat-
eral half of the pelvis; multiple limbs some-
times associated with multiple pelvic girdles;
abnormal differentiation and growth of the
limb (phocomelia); webbing ofskin between
the rear limb and the body; and abnormal
development of craniofacial structures. The
data suggest that specific types ofmalforma-
tions seem more prevalent at certain sites and
that some ofthe malformations are associated
with poorgrowth andbodycondition.
In the limited parasitology work per-
formed on submissions, there did not appear
to be a correlation between malformations
and the presence of larval flukes (metacer-
caria), as suggested by some researchers. No
association could be found between bacteria
isolated from frogs and malformations.
Iridovirus was isolated from frogs from only
one site in Minnesota and this site had a
high prevalence ofskin webbing; however, it
is not known ifthe virus is associated causal-
ly with skin webbing formation. As more
data are gathered from the field regarding
the distribution and frequency ofabnormali-
ties in newly metamorphosed frogs, we must
remember that these data reflect survivors
with malformations that were not fatal. This
may limit our understanding of events
because the portion offrog populations that
may have had earlier stage lethal malforma-
tions are notbeingconsidered.
Biologic Influences of UV
Irradiation
Investigators at the U.S. Environmental
Protection Agency (EPA) laboratory in
Duluth, Minnesota, explored the possible
interaction between the insecticide metho-
prene and UV irradiation. The data generally
indicated that methoprene induced lethal
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developmental anomalies only at very high
concentrations (28). The effects were notsim-
ilar to those observed in the field and there
were no effects at lower concentrations doser
to possible environmental exposure levels. In
these experiments the toxicity ofmethoprene
was not increased by simultaneous UV expo-
sure. However, when Rana pipiens tadpoles
were exposed to UV irradiation for 10 hr/day
for > 24 days there was an induction of rear
limb and digit deficiencies and approximately
47% of the frogs held under UV light
through metamorphosis had limb malforma-
tions. These malformations were mostly bilat-
eral and in some cases symmetrical. The
results suggest that it may be possible for
direct UV irradiation to contribute to limb
malformation in Ranapipiens, which is one of
thespecies affected in thewild.
Developmental and Molecular
Mechanisms
The limb phenotypes can generallybe catego-
rized into hypomorphic limbs (missing vari-
ous skeletal elements), entirely missing limbs,
limbs with extra skeletal elements, and entire
extra limbs. For each of these phenotypes
three general mechanisms (grafting/wound-
ing, UV irradiation, and chemical/molecular)
can be evaluated to see whether they could
cause thelimb abnormalities observed in frogs
in the field.
Grafting/wounding. Many experiments
have demonstrated that by relocating groups
ofcells from one position to another within
developing or regenerating limbs, it is possi-
ble to induce both extra limb structures and
missing limb structures. Such tissue arrange-
ments do not cause either entire extra limbs
or entirely missing limbs. Although theoreti-
cally possible, there is no evidence that the
tissue rearrangement mechanism would cause
limb abnormalities in frogs in the field.
Because frog limbs only regenerate at the
early limb bud stages, tissue damage/wound-
ing would not result in a regenerative
response in animals that had developed
beyond such early stages. Therefore, injuries
to limbs in later stage larvae and juvenile
frogs could only result in missing distal struc-
tures, but not in extra structures. Evidence of
traumatic injuries generally has not been
seen, and ifthese injuries were sustained they
would need to occur when the limb bud was
verysmall but not kill or mortallywound the
tadpole. One report suggested that the
implantation of microbeads as a mimic of
parasite cysts can result in some limb abnor-
malities (8). However, these abnormalities
were restricted to only distal elements in
experimental limbs and one control limb,
and no extra proximal elements or extra legs
were induced. Because it is based on mecha-
nistic and diagnostic data, the physical
rearrangement of limb tissues is unlikely to
be a significant general mechanism for caus-
ing abnormal limb patterns outside of the
controlled laboratory environment.
UVirradiation. Recently, as a result of
efforts at the U.S. EPA laboratory in Duluth,
we have begun to consider UV irradiation a
possible mechanism for causing missing limb
structures. Based on the anatomy of the
experimental frog images, it is clear that UV
exposure can cause truncated limbs. Such
limbs exhibit a relatively normal pattern
along the proximal-distal axis to the level of
the truncation, at which point further out-
growth and pattern formation ceases. This
phenotype is characteristic ofexperiments in
which the apical epidermis is removed. This
regionalized epidermis functions to support
limb outgrowth, and when absent or func-
tionally inhibited, outgrowth and pattern
formation cease. The apical epidermis is a
hypothetical target for UV irradiation in the
production of abnormal limbs. It seems
unlikely that such a mechanism would give
rise to extra limb structures, and there is no
evidence that it would cause entirely missing
limbs. Direct comparison of the laboratory
UV irradiation-induced abnormalities with
the hypomorphic limbs on the deformed
mink frogs from Minnesota indicates that
UV irradiation may be established as a causal
agent for hypomorphic limbs in some field
situations; however, other agent(s) not relat-
ed to the UV effect may also be responsible
for thehypomorphic limbs examined to date.
Chemical and molecular mechanisms.
Chemicals and molecules are intrinsic to the
development of an organism and there is
abundant evidence that chemicals and mole-
cules can effect limb formation in ways that
can account for all ofthe categories oflimb
abnormalities. Ifthere is a-man-made or nat-
urally occurring chemical in the environ-
ment that is causing frog limb deformities,
its mode of action is to alter or mimic the
function of an intrinsic chemical that is
involved in the control of normal develop-
ment. There are multiple mechanisms that
might result in partially missing limbs or
additional limb structures. In contrast,
entirely missing limbs and entire extra limbs
can only be accounted for by a chemical and
molecular mechanism. These types ofabnor-
malities may be particularly informative and
useful in testing the causal mechanism(s)
involved in the extra leg phenotype.
When considering what is known about
endogenous molecules that can induce limb
abnormalities, it is obvious that the retinoids
can induce all limb phenotypes observed in
the frogs in the field. This simple observa-
tion leads to the strong inference that the
agent(s) in the environment is in some way
targeting a developmental signaling pathway
that is retinoid responsive. There need not
be a single agent, and it need not itselfbe a
retinoid. Several molecular pathways are
involved in limb pattern formation, and
there is evidence for interactions between
these pathways such that alterations in one
would cause changes in others. It is also like-
ly that there are as-yet unknown pathways as
well as unidentified interactions. From a
molecular and developmental biology per-
spective, the multiple-leg phenotype reveals
the existence of a currently unidentified
developmental pathway specific for the
establishment of the hindlimb field. Thus,
further basic research on the mechanisms
controlling growth and pattern formation in
limbs is needed to provide the critical clues
for identifying the agent(s) and mechanism
involved in the deformed frogsyndrome.
Research in Minnesota
The first anecdotal evidence for a possible
increase in the incidence of abnormal frogs
in Minnesota began to appear in 1994 and
1995. By 1996 the Minnesota Pollution
Control Agency (MPCA) in St. Paul,
Minnesota, had received reports from over
100 locations; approximately 20 sites were
confirmed by biologists. The abnormalities
in six species offrog and toads were primari-
ly missing, reduced, and misshapen rear
limbs; a few of the animals had extra limbs
or were missing eyes. In 1997 the MPCA
and the National Institute ofEnvironmental
Health Sciences [(NIEHS); Research
Triangle Park, NC] formed a partnership.
Their goals were to determine ifthe original
anecdotal evidence for an increased inci-
dence of malformed frogs was scientifically
valid, to determine whether causal factors
could be identified in the aquatic environ-
ments where abnormal frogs had been
reported, and to assess whether therewas any
environmental and human health hazard
that might result from agents that can be
identified as potentiallycausative. To accom-
plish these goals, partnerships and collabora-
tions were established with other federal
agencies, state agencies, academic institu-
tions, and contract laboratories. Based on
MPCA information from 1995 and 1996, a
number of sites were identified and given
operational classifications of affected or ref-
erence based on the previous incidences of
abnormal frogs. The paired sites were sam-
pled for water matrix condition (i.e., pH
alkalinity, hardness, conductivity, dissolved
oxygen, etc.), water and sediment chemistry
(targeted metals and analytes such as herbi-
cides and pesticides as well as a full scan for
unknowns), and abnormalities among frogs.
Biologic assays such as the 4-day frog embry-
otoxicity assay Xenopus [(FETAX); which
uses embryos from the South African clawed
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frog Xenopus laevis] and in vitro retinoid
receptor bindingwere also conducted.
Studies of frog abnormalities in the
paired sites and comparisons with historical
data from Minnesota indicate that the fre-
quencies of malformation among wild
amphibians have increased dramatically at
some locations over the last 3-5 years.
Several species of frogs are affected. Some
sites have incidences ofmalformed frogs sig-
nificantly above reference sites but, given a
normal population value in the range of
0.5%, there may not be any true unimpacted
sites in the paired Minnesota study.
Data from wild frogs and from FETAX
indicate the involvement ofwaterborne agents
(29). When combined with the diagnostic
evaluation presented here, data from the field
and laboratory studies also point to different
agents or modifications of a single agent
among sites. The types ofabnormalities vary
and are site specific. There is also significant
mortality and developmental retardation asso-
ciated with several samples from affected sites.
Long-term limb malformations have been
induced in Xenopus using unconcentrated
pondwatersamples from affected sites.
There are no apparent patterns of metal
or chemical contaminants in water that mal-
form frogs. Chemical analysis by several
groups has failed to demonstrate the pres-
ence of methoprene (suggested to be
causative because ofretinoid-like activity) or
its more toxic environmental degradation
products in any sites at biologically relevant
levels. However, in all cases, agents have
been identified in malforming water that are
not in nontoxic samples. Teratogenic frac-
tions have been isolated from C-18 column
eluents ofthe limited number ofpond water
samples that have been fractionated to date.
Experiments are underway with the fractions
and the compounds that have been identi-
fied within those fractions (30).
Several lines of evidence suggest the
involvement of endocrine factors such as
thyroid hormone, retinoids, or mimics. In
laboratory assays, the teratogenic effects are
significantly reduced or eliminated by the
addition of thyroxin to the water (31).
However, efforts using different cloned
retinoid receptor binding assays with water
and extracts from a number ofaffected and
reference sites have been inconclusive with
respect to any direct correlation between a
positive receptor assay and malformation of
wild and/or laboratory frogs. The mecha-
nism does not necessarily involve retinoids
because ofthe complex interactions ofdevel-
opmental pathway components.
One groundwater source had teratogenic
activity and lethality in Xenopus and malfor-
mations were induced by well water from
some locations. The teratogenic potential of
the well water can be reduced or removed by
activated carbon filtration in the samples that
have been examined to date. There is no
additional evidence that would support any
human health risk without a determination
of exactly what in the well water samples
caused the positive results. Astudy to identify
those factors is underway.
Vermont Field Studies
In late summer 1996, malformed frogs were
reported by the general public to the
Vermont Agency of Natural Resources
[(VTANR); Waterbury, VT] from 12 sites
in five counties within the Lake Champlain
Basin. VTANR investigators surveyed four
of the sites reported to have malformations;
malformed frogs were found at all four sites.
Of 290 R. pipiens frogs examined, the inci-
dence of malformations averaged 13.1%,
ranging from 5 to 23%. The malformations
were primarily missing and partial hind legs.
In late July 1997, VTANR investigators,
with help from the U.S. EPA, the U.S. Fish
and Wildlife Service, the U.S. Geological
Survey, and Middlebury College in
Middlebury, Vermont, surveyed > 50 sites in
Vermont in an effort to document the extent
and prevalence of malformations. Adequate
sample sizes (> 50 frogs) were found at 19 of
the sites surveyed. R. pipiens was targeted;
1,475 metamorphs were collected and exam-
ined. Roughly 8.0% ofthe frogs had malfor-
mations; the rates ranged from 2.0 to
45.4%. Malformations were primarily miss-
ing/partial limbs and shortened/missing dig-
its. Fifty-seven percent ofthe malformations
were missing or partial hind limbs, followed
by 11.2% with shortened hind digits.
Malformed frogs from five of the sites were
sent to the National Wildlife Health Center
laboratory for characterization of external
and internal malformations, parasites, and
viral and bacterial diseases.
In September 1997, investigators from
the VTANR and the collaborating institu-
tions resurveyed 15 of the 19 sites surveyed
in July 1997. The overall malformation rate
was similar to the July survey. Of 1,063 R
pipiens metamorphs examined, 7.3% had
malformations. However, the rates ofmalfor-
mations observed at several sites varied signif-
icantly higher or lower as compared to the
July results. The categories ofmalformations
were similar to those in theJulyfindings: pri-
marily missing/partial limbs and short-
ened/missing digits. In 1997, Vermont citi-
zens and volunteers reported malformed
frogs from 53 towns representing all 14
counties. Although these reports are valuable,
most are not verified and may not accurately
represent the incidence of malformed frogs
above the normal background level of
- 1.0% because ofthesmall sample size.
The widespread reports of malformed
frogs in Vermont have made it difficult to
link a particular land use with reported mal-
formed frog sites. Chemical characterization
of water and sediment from select control
and affected sites is currently underway.
Water and sediment from these sites is also
beingscreened using FETAX.
Environmental Chemistry and
Hydrogeology
The role oftransformation and transport of
potential toxicants in the aquatic environ-
mental is an important issue that is often
neglected in discussions and in experimental
hypotheses to model environmental health
effects. Increasingly, we are aware that envi-
ronmental degradation of man-made com-
pounds can lead to products with different
characteristics which are occasionally more
potent than the parent compound. We may
need to consider man-made agents more
within a context of the variation of their
effects depending on the water matrix (alka-
linity, hardness, conductivity, pH, etc.), and
based on the naturally bioactive components
that may be in the environment, such as
phytoestrogens or autoregulators produced
by microorganisms. The environmental
chemistry and hydrogeology of areas where
malformed frogs have been observed are like-
ly to have important roles ifcausative agents
are transported in the water.
Hydrogeology ofselectedMinnesota wet-
lands associated with abnormalfrogs. In
Minnesota, many wetlands are located in the
north-central hardwoods forest (NCHF)
ecoregion. This area was typically dominated
by glacial advances and retreats, which pro-
duced a hummocky rolling terrain. Wetlands
in this ecoregion can be completely sur-
rounded by woods, although prairie grasses
and agriculture are often mixed in the land-
scape. The content ofsoils and native vegeta-
tion vary as a function ofmaterial deposited
by the most recent glacial activity and the
local drainage characteristics. Landscape ter-
rain, vegetation, soils, and the underlying
stratigraphy influence the recharge and
movement ofgroundwater in and out ofthe
NCHF region wetlands. The current list of
frog study wetlands shows many differences,
including size, vegetation diversity, underly-
ing sediments (biogeochemistry, morpholo-
gy, and watershed), and variable pathways of
inflowand outflow.
Assessments of the areas involved analy-
sis of topographic maps, the measure of
hydraulic heads, where possible, and the
sampling of domestic water wells near the
frog study wetlands. Domestic water wells
were sampled for major cations, anions, sta-
ble isotopes ofhydrogen and oxygen, chloro-
fluorocarbons (CFCs), helium, tritium to
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characterize flow, and hydraulic residence
times. Isotopic and CFC data are currently
unavailable. Manyofthe frog studywetlands
are located midway between upgradient ter-
restrial recharge areas and downgradient
lakes and/or rivers. Limited hydraulic head
data suggest that some of the wetlands are
likely flowthrough systems. Preliminary geo-
chemical data indicate that many of the
domestic water wells contain reduced water
with varying ionic strengths.
Transport andfate ofcontaminants in
aquatic environments. A myriad of anthro-
pogenic compounds are continuously
released into the environment, augmenting
those already present. Contaminants appear
and exist as mixtures, rather than as discrete
compounds, which complicates the study of
their fate and effects. In the environment
the composition of these mixtures may be
modified by a host of physical, chemical,
and biologic factors. Modification of their
composition may take two forms: a sorting
of the components between environmental
compartments and chemical alteration of
individual compounds.
Contaminant assorting is due to parti-
tioning between the different phases present
in the environment. Initially, a water-soluble
fraction, dominated by the more polar com-
ponents, may be formed. Loss of the more
volatile species also occurs into the air.
Further sorting occurs by sorption onto and
off of particulate surfaces. Thus, sediments
mayserve as both sinks and sources ofconta-
minants. Organics preferentially associate
with organic phases present. The need to
consider the actual composition of the
organic phases themselves has recently
become evident. Composition and porosity
of the surface and duration of contact with
the contaminant are critical as well. In addi-
tion, organic and inorganic contaminants
associate with dissolved organics such as
humics. Discrete organic phases must also be
considered, for example, surface microlayers.
Lipophilic pollutants may concentrate here,
impacting sensitive life stages frequenting this
microhabitat. The association of contami-
nants with the different phases influences
compound bioavailability and hence toxicity.
The uptake of nonpolar contaminants by
organisms has also been modeled as a parti-
tioning process between water andorganismal
lipids. Metals may be actively bioaccumulat-
ed. Subsequent transfer bypredator/prey asso-
ciations then becomes an additional transport
route ofconcern.
Chemical alteration of individual com-
pounds themselves is also important, signifi-
cantly increasing the number of chemical
species present and modifying their proper-
ties including their toxicities. Some contami-
nants, such as organophosphate pesticides,
are subject to hydrolysis. Others may be vul-
nerable to microbial degradation. This may
result in the complete breakdown or the pro-
duction of intermediates with lesser [e.g.,
polycyclic aromatic hydrocarbons (PAHs) to
carboxylic acids] or greater (e.g., ethoxylate
detergents to nonylphenols) toxicologic rele-
vance. Similarly, biotransformation ofconta-
minants within higher organisms may alter
toxicity. Photomodification by UV light sig-
nificantly increases the toxicity ofsome cont-
aminants, for example, PAHs (15).
The analysis of surface and groundwater
samples from Minnesota provides examples of
some of the above considerations. Samples
that cause deformities and mortalities in
indigenous and laboratory-exposed frogs were
compared to those resulting in no significant
effects. Extracts were complex. Organic com-
pounds unique to the samples causing the
effects of concern were detected. No single
compound was found in all affected water
samples. Several compounds were tentatively
identified as alachlor breakdown products,
although no parent alachlorwas detectable.
Surface/groundwater interface and case
studies. Numerous field and modeling stud-
ies have shown that groundwater supplies
considerable quantities of solutes and water
to surface bodies of water. In many water-
sheds, groundwater supplies from 50 to 90%
ofthe surface water; direct precipitation sup-
plies the remainder of the water. Water is
removed from watersheds by evaporation,
transpiration, surface runoff, and groundwa-
ter recharge. The first two processes can con-
centrate solutes in the surface water.
Much of the groundwater that enters
surface waters does so near the shoreline.
Depending on mixing conditions, this water
may or may not mix quickly with the water
already present. In some settings, such as
wetlands and swamps, it can remain
unmixed for days or months. Hydrogeologic
settings are highly variable, but in general,
the inflow does not enter via discrete chan-
nels (springs) but is somewhat more distrib-
uted and spread out along shorelines.
In recent years there has been growing
interest in the transport of organics from
groundwater to surface water. There has also
been a push to document the natural attenu-
ation (also called self- or intrinsic-remedia-
tion) of contaminants as they pass through
the highly biotic sediments of streambeds
and wetlands. Although tentative, site-specif-
ic, and unpublished, the early results ofthese
studies indicate that biodegradation ofchlo-
rinated organics can be 10-100 times more
rapid in the final 50 cm ofgroundwater flow
through streambed/wetland bottoms than in
the underlying aquifers that supply water to
the wetland. Degradation is rapid in the bot-
toms, probably because bottom sediments
are physiologically rich (supplied both chem-
ically, with both surface water and ground-
water solutes, and physically, with flow
directions that can change temporally) and
they can have sharp changes in redox condi-
tions within small spatial scales. Therefore,
conditions for degradation oforganic solutes
can change from slightly aerobic in the
underlying aquifer to sulfate reducing to
methanogenic within a few tens ofcentime-
ters. Furthermore, the hydrodynamics of
surface and groundwater can result in the
mixing of the two waters with a resulting
physiologic richness that rarely exists in the
subsurface. Substantial reductive dehalo-
genation oforganics can occur in this inter-
face. However, there are less than a handful
of studies on this to date, and the overall
effectiveness of so-called intrinsic remedia-
tion at the groundwater/surface-water inter-
face is unproven.
Environmental and Human
Health Assessments
It is likely that the issues which have risen
for discussion as a result ofabnormalities in
natural frog populations will recur in the
future from observations in other species and
geographic areas. A useful integration of
environmental and human health assess-
ments from detrimental effects in any class
of sentinel species requires a balanced
approach that can be continuously improved
by mechanistic data. Although the biologic
issues are complex, a particular end point in
a natural species may indicate the direction
for new laboratory investigation. Similarly,
basic laboratory research combined with
good diagnostics may be useful in establish-
ing what causal factors could be involved.
Assessments of implications from data in a
sentinel species can move in the directions of
either ecologic/environmental or human
health. There are important considerations
and strategies for both directions that
involve issues such as biologic indicators,
population assessments, cross-species predic-
tion, and new problems such as public infor-
mation and alarm.
Implications ofmalformedfrogsfor eco-
logic assessments. The stresses identified as
possible causes offrog malformation may be
acting singly, or in combination, at any of
the sites where malformation has been
detected. The implications for ecosystem
and human health associated with each
stress, and the possible mechanisms for
reducing their impact, are widely divergent.
These disconcerting characteristics of the
malformation phenomenon present two
considerable challenges. First, they provide
no clear guidance, either in the selection of
an appropriate level ofbiologic organization
for research or in determination of the most
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appropriate temporal and spatial scales of
investigation. Second, the characteristics cre-
ate uncertainty concerning the relative prior-
ity to be placed on human health issues or
on the health and quality of affected habi-
tats. There are several ecologic implications
offrog malformation on the possible conse-
quences ofanthropogenic or natural stresses
for amphibian populations and ecosystem
integrity.
The life histories of amphibians may
provide a uniquely wide range ofopportuni-
ties for exposure to natural or anthropogenic
stresses. The characteristics of these life his-
tories (late breeding, dependence on habitat
quality in water and on land, the importance
ofdispersal, and colonization in local popu-
lation persistence) may, in addition, predis-
pose amphibian populations to be sensitive
to perturbations of the environment.
Although it is important to explore the
implications of a variety of possible influ-
ences on amphibian survival and reproduc-
tive rates, ecologists are constrained by a lack
of high-quality quantitative analyses of
amphibian population processes. In particu-
lar, priority should be placed on obtaining a
more detailed understanding of minimum
viable population sizes, the influences of
behavioral and competitive factors on popu-
lation sizes, and more reliable data concern-
ing population growth and replacement rates
(32). Without these data, it will not be pos-
sible to generate predictions of population
persistence or to determine how damaging
different levels of malformation may be to
amphibian populations in the long term.
Certain ecotoxicologic procedures may
help determine whether or not a xenobiotic
agent is responsible for a significant propor-
tion ofthedeformities detected in Minnesota.
Detoxifying enzymes may be induced
through exposure to certain inorganic and
organic pollutants, and a variety of assays
may be performed on amphibian tissues, or
tissues of other organisms, to seek evidence
ofexposure to pollutants. Knowledge ofspe-
cific inductions may assist in the identifica-
tion ofthe agent responsible, target chemical
analysis and bioassay procedures, and pro-
vide biomarkers for rapid evaluation of the
distribution and extent of contamination.
For example, a broad spectrum ofpesticides
are inducers of mixed-function oxidases,
including cytochrome P450.
Bioassays of contaminated water with a
range of pond and wetland organisms may
also determine critical concentrations ofpol-
lutants that present a hazard to the broader
community oforganisms that inhabit conta-
minated sites. Ifa xenobiotic is identified as
a causal agent, enhanced regulatory protec-
tion ofsites would be based on a knowledge
ofhazardous concentrations (33). A broader
knowledge of the risks posed to communi-
ties ofaquatic organisms would also provide
initial insight into the possible inhibitory
effects ofpollution on ecosystem processes.
Application oflaboratoryXenopus laevis
(FETAX) data to ecologicandhuman health
issues. The 4-day embryolarval developmen-
tal toxicity assay FETAX has been used as a
surrogate to monitor various sites around the
world for potential ecologic hazards to both
amphibians and higher organisms. Surrogate
developmental toxicity models such as
FETAX are designed to simulate, but not
necessarily replicate, a traditional test system.
The primary objective is to provide informa-
tion on larger scale issues such as indigenous
species response, ecologic and ecosystem
responses, human health concerns, and pri-
oritization of future research efforts.
Common considerations for surrogate mod-
els include phylogenetic relationship, rele-
vance, reliability, time and cost effectiveness,
andversatility.
Extensive testing has been conducted
with FETAX in a variety of applications.
The Xenopus model has been used to screen
for developmental toxicants alone and in
environmental mixtures; to study mecha-
nisms ofaction and modes ofbiotransforma-
tion; to evaluate the effects ofchemicals and
environmental mixtures on limb develop-
ment, thyroid function, and reproduction; as
a molecular model; and as a model for evalu-
ating nutritional essentiality.
Abnormalities induced in Xenopus by
water and sediment samples collected from
selected sites in Minnesota corresponded
with field studies: malformed larvae induced
by samples from ponds where abnormal frogs
were identified and different types ofabnor-
malities were induced by different water
sources. Water from several sites where frogs
had abnormal limb development induced
hind limb deformities in Xenopusand signifi-
cant developmental delay. As a consequence
of these results, studies are currently being
performed to identify probable causative
agents and to evaluate the influences ofphys-
ical/chemical matrices and ionic imbalance
on toxicity ofwaterborne agents. Early in the
studies, samples from selected ponds
throughout Minnesota showed that the water
matrix was low in ionic strength and was
imbalanced. Further study ofthe influence of
the ion matrix onXenopusdevelopment using
laboratory prepared simulated pond waters
concluded that the Minnesota-like ionic
imbalance did not directly induce the abnor-
malities. However, it appears that the water
matrix and natural agents mayact to enhance
or ameliorate the toxicity of the water and
should not be overlooked as a factor when
considering suspected toxicants in the aquatic
environment. The investigation is now
focused on several organic compounds iden-
tified in affected sites. In one case there may
be some contribution to the FETAX results
bylevels ofnickel in thewater.
One ofthe most significant contributions
provided by FETAX testing thus far has been
to help prioritize efforts and to identify possi-
ble toxic effects that may be associated with
natural and man-made agents in the environ-
ment. Although positive results have been
obtained with FETAX for some water in
some wells, the initial response is to view the
information conservativelywith respectto any
actual human health risk until the factors in
the samples that caused the positive response
are precisely identified and evaluated. Within
the context ofa relationship between sentinel
species responses and potential environmental
or human health effects this should be viewed
as an opportunity. An understanding of the
factors that may cause errors is essential and,
in the public health arena, a false positive may
be moredesirable than afalsenegative.
The Centersfor Disease Control and
Prevention (CDC) perspective on the rele-
vance ofthe reportsoffrogmalformations to
human malformations. CDC investigators
do not know ifthe reported frog malforma-
tions are relevant to human malformation. It
is not known what agents are causing the
frog malformations, much less ifthese agents
pose a risk to human development. The data
from the frog studies to date are insufficient
to warrant an epidemiologic study ofhuman
birth defects in states where there are high
rates of malformed frogs. If in the future
there are sufficient data to warrant an epi-
demiologic study, the CDC is prepared to
assist state health departments in carrying
out investigations ifasked to do so.
Several types of epidemiologic studies
could be conducted ifit appears that human
populations might be exposed to environ-
mental agents that could cause birth defects:
cluster investigations, case-control studies,
or cohort studies. These studies can be diffi-
cult to conduct because human birth defects
are uncommon occurrences. A major mal-
formation is present in approximately 1 in
every 30 babies born in the United States.
Even the most common specific birth defects
occur only about once in every 1,000 births.
Most specific birth defects occur only once
in every 10,000 to 100,000 births. To detect
a moderate increase in the relative risks of
specific birth defects in a case-control study,
hundreds of cases and controls might be
required. In a cohort study, thousands or
tens ofthousands ofexposed and unexposed
pregnancies might be required to detect a
moderate increase in the relative risk of a
specific birth defect.
Before we conduct epidemiologic studies
to assess human risks of birth defects, we
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need more definitive information about the
agents that are causing the frog malforma-
tions. More information is also needed on
the types of malformations produced in
frogs and their prevalence. Good data are
needed on exposure and specific outcomes of
exposure from environmental and toxicolog-
ic studies to help epidemiologists formulate
an appropriate case definition and select
appropriate exposures to investigate. In addi-
tion, it would be helpful to use birth defect
surveillance systems in place in the states to
be studied. State-based birth defect surveil-
lance systems can provide baseline rates of
specific malformations that might be stud-
ied, can monitor for high rates of specific
defects in an area that may warrant follow-
up studies, and can provide a registry of
cases for follow-up studies. The data avail-
able from an ongoing surveillance system
may permit epidemiologic studies to be con-
ducted that otherwise might not be feasible.
At present, 24 states have birth defect sur-
veillance systems that provide good to ade-
quate data on major birth defects. Several
other states are presently planning or imple-
menting such systems. The CDC encourages
the development ofsuch systems and hopes
that in the near future all 50 states will have
birth defect surveillance programs in place.
An EPA perspective on water quality
monitoring strategies. The U.S. EPA Office
of Science and Technology has an ongoing
process to develop chemical-specific criteria
for the protection of aquatic life. In the
event a particular chemical or stressor is
identified as contributing to the amphibian
malformations, the development of a water
quality criterion (WQC) may be necessary.
AWQC can be thought ofas the highest
concentration of a pollutant in water that
does not represent an appreciable risk of
adverse effect to aquatic organisms orhuman
health. The criterion places limits on a par-
ticular pollutant or a condition to protect
and support the designated use ofthe body
of water. Traditionally, criteria have repre-
sented a chemical measure; presently, criteria
represent a chemical, physical, biologic, or
microbiologic measure that protects a body
ofwater for aspecific use.
Thedevelopmentofan aquatic life criteri-
on for a specific chemical is based on aquatic
toxicity data from eight families oforganisms,
one ofwhich is a chordate (i.e., amphibian).
If toxicity data are available on amphibians
they can be used in deriving the criterion;
however, there are limited amphibian toxicity
data available. Comparatively, biologic criteria
are developed based on the basic biology of
the system rather than on toxicity informa-
tion. An index ofbiologic integrity is identi-
fied based on the review of a gradient of
impacted sites. Thus, a biologic criteria for
amphibians would identify the types and dis-
tribution ofspecies, type ofhabitat, and basic
community composition necessary to main-
tain an amphibian population. This frame-
work provides a greater integrated pathway
assessmentofthe factors and ecosystem neces-
sary to support amphibians. The EPA will
continue to utilize these criteria and anyother
available methods for the protection and sur-
vival ofamphibian populations.
A Minnesota public health perspective.
Much ofthe national and international inter-
est generated by the discovery ofmalformed
frogs has focused on whether these animals
are an indicator ofenvironmental and public
health problems. Research in progress will
provide information that will certainly be of
value in determining the cause or causes for
Minnesota's deformed frogs. However, from
a public health perspective, research reported
to date has provided little or no information
that would be ofuse in determining whether
there are human health implications in the
malformed frog issue. The agent, or more
likely agents, responsible for the frog defor-
mities arestill unknown.
Several steps are necessary to establish a
link between laboratory and field tests and
possible human effects. The first is to deter-
mine if the causative factor is indeed a
human health hazard. Frogs may be sentinels
for the environment, but something that can
cause adeformity in frogs does not necessari-
ly mean that it has a similar effect in people.
Parasites, UVB radiation, and chemicals in
the water have all been suggested as causative
factors. Ifparasites and/or UVB radiation are
responsible for the observed developmental
problems in frogs, there would be a reduced
potential for human health problems. If the
deformities are the result of the exposure of
frogs or their eggs to a chemical(s) in the
water, a potential for human health effects
may be present-assuming that the chemi-
cals(s) or compounds(s) are not uniquely
toxic to frogs. The chemical composition of
the water must be determined before any
judgments about human health hazards can
be made. If a hazard can be identified, the
next steps would be to determine whether
there is a potential for human exposure and
ifthe material was occurring in a concentra-
tion high enough to cause an effect. The
most likely route for significant exposure for
humans is through the use ofthe water as a
source for drinking water. Therefore, the
potential for movement of materials from
pond water to groundwater and drinking
water would be a critical concern. The
Minnesota Department ofHealth [(MDH);
St. Paul, Minnesota], at the request of the
MPCA, used a standard drinking water
screen to test well water samples from four
MPCA sites where deformed frogs had been
found and to test water that was positive in
the FETAX assay. This screen involves test-
ing for > 100 compounds including avariety
of inorganic chemicals, for example, metals,
volatile organics, pesticides, and other syn-
thetic organics. None ofthe chemicals evalu-
ated exceeded safe drinkingwater standards.
Another major issue facing agencies is
how to communicate the proper level of
concern without causing undue public
alarm. Health departments in general are
very aware that public alarm can lead to
overreactions and calls for expensive human
health studies that generally do not satisfy
either the public or the agencies. One tool
that would be ofparticular value in provid-
ing data to respond to issues such as
deformed frogs is a birth defects information
system. Such systems are necessary to pro-
vide accurate and reliable data that can be
used to assess relationships between exposure
to chemicals and disease occurrence. The
MDH is currently attempting to create a
birth defects information system.
As each ofthe agencies continueswith its
own strategies for addressing the deformed
frog issue, it will be critically important for
all agencies involved to maintain open lines
of communication. This will help to foster
an atmosphere ofcooperation that not only
makes sense scientifically, but will also
ensure that public health concerns are
addressed as rapidly as possible.
Conclusions
The reported increased incidence of malfor-
mations in natural frog populations is another
example ofan environmental sentinel provid-
ing a warning ofenvironmental deterioration
with possible significance for human health.
It is not yet dear how or ifthis observation is
related to the general decline in amphibian
species. The graphic nature ofthe malforma-
tions and their association with what were
thought to be clean bodies of water has,
understandably, led to a high level ofpublic
interest and concern. As a consequence of
that widespread concern, we have an imme-
diate responsibility to give deliberated con-
sideration to developing integrated studies
for assessing the implications for environ-
mental andhuman health.
The Strategies for Assessing the
Implications of Malformed Frogs for
Environmental Health workshop at the
NIEHS provided a forum for presentation
and discussion of factors that might con-
tribute to the induction of malformations
and of the types and sequence of investiga-
tions that would most efficiently lead to an
understanding of causal factors and their
implications for environmental and human
health. Participants in theworkshop included
representatives ofstate and federal health and
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environmental agencies as well as academic
scientists and the public.
The primary consideration should be
given to the indicating species, in this case
frogs. This requires the direct supported
involvement ofexperienced field scientists to
evaluate the nature and extent of the detri-
mental effects as compared to what is known
about the historical incidence ofsuch effects.
A well designed survey of environmental
populations would be a major contribution
to this task. Subsequently, a thorough diag-
nostic evaluation of malformed frogs is
essential to provide information about causal
factors and biologic systems that may be dis-
rupted or altered. From this information,
hypotheses can be proposed and tested in
both laboratory models and field studies.
Ultimately, the scientific process needs to
identify potential causal factors, provide
clear evidence of association between expo-
sure to these factors and the resulting adverse
effects, generate data that permit estimation
of the relationship between exposure and
adverse effects, and, finally, assess risks to
both human and environmental health. If
we assume that the basis for these effects is
factors in the aquatic environment, an
understanding ofthe origin, fate, and trans-
port ofthe causal factors becomes an impor-
tant component of the risk assessment
process.
The investigation ofdeformities in frogs
has led to basic questions regarding the best
scientific approach to understanding adverse
environmental effects on wildlife species and
determining the implications of such effects
for human health. Solving such problems
will require cooperation between state and
federal agencies and collaboration among
chemists, toxicologists, field and research
biologists, and hydrogeologists.
REFERENCES AND NOTES
1. Wake DB. Declining amphibian populations. Science
253:860 (1991).
2. Baustein AR, Wake DB. The puzzle of declining amphib-
ian populations. Sci Am 272:52-57 (1995).
3. Burkhart JG, Gardner HS. Non-mammalian and environ-
mental sentinels in human health: back to the future?
Hum Ecol Risk Assess 3:309-328 (1997).
4. Bishop DW. Polydactyly in the tiger salamander. J Hered
38:290-293 (1947).
5. Reynolds TD, Stephens TD. Multiple ectopic limbs in a
wild population of Hyla regilla. Great Basin Nat
44:166-169 (1984).
6. Borkin W, Pikulik MM. The occurrence of polymely and
polydactyly in natural populations of anurans of the
USSR. Amphib-Reptilia 7:205-216 (1986).
7. Ouellet M, Bonin J, Ridrigue J, DesGranges J-L, Lair S.
Hindlimb deformities (ectromelia, ectrodactyly) in free-
living anurans from agricultural habitats. J WildI
Diseases 33:95-104 (1997).
8. Sessions SK, Ruth SB. Explanation for naturally occur-
ring supernumerary limbs in amphibians. J Exp Zool
254(1:38-47 (1990).
9. Sessions SK, Franssen RA, Horner VL. Morphological
clues from multilegged frogs: are retinoids to blame?
Science 284:800-802 (1999).
10. Johnson PTJ, Lunde KB, Ritchie EG, Launer AE. The
effect oftrematode infection on amphibian limb develop-
ment and survivorship. Science 284:802-804 (1999).
11. Licht LE, Grant KP. The effects of ultraviolet radiation on
the biology of amphibians. Am Zool 37(2):137-145 (1997).
12. Grant KP, Licht LR. Effects of ultraviolet radiation on life-
history stages of anurans from Ontario, Canada. Can J
Zool 73(2):2292-2301 (1995).
13. Ovaska K, Davis TM, Flamarique IN. Hatching success
and larval survival of the frogs Hyla regilla and Rana
aurora under ambient and artificially enhanced solar
ultraviolet radiation. Can J Zool 75(7):1081-1088 (1997).
14. La Clair JJ, Bantle JA, Dumont JN. Photoproducts and
metabolites of a common insect growth regulator pro-
duce developmental deformities in Xenopus. Environ Sci
Tech (in press).
15. Zaga A, Little EE, Rabeni CF, Ellersieck MR. Photoenhanced
toxicity of a carbamate insecticide to early life stage
amphibians. Environ Toxicol Chem 17(12):2543-2553 (1998).
16. Luo S-Q, Plowman MC, Hopfer SM, Sunderman FW.
Mg2+ deprivation enhances and Mg2+ supplimentation
diminishes embryotoxic and teratogenic effects of Ni2+,
Co2 , Zn2+, and Cd2+ forfrog embryos in the FETAX assay.
Ann Clin Lab Sci 23:121-129 (1993).
17. Maden M. The homeotic transformation oftails into limbs in
Rana temporaria by retinoids. Dev Biol 159:379-391 (1993).
18. Rutledge JC, Shourbaji AG, Hughes LA, Polifka JE, Cruz
YP, Bishop JB, Generoso WM. Limb and lower-body
duplications induced by retinoic acid in mice. Proc Nati
Acad Sci USA 91:5436-5440 (1994).
19. Bryant SV, Gardiner DM. Retinoic acid, local cell-cell
interactions, and pattern formation in vertebrate limbs.
Dev Biol 152)1):1-25 (1992).
20. Mohant-Hejmadi P, Dutta SK, Mahapatra P. Limbs gener-
ated at the site of tail amputation in marbled balloon frog
aftervitamin Atreatment. Nature 355(6358):352-353 (1992).
21. Gardiner DM, Hoppe DM. Environmentally induced limb
malformations in mink frogs (Rana septentrionalis). J Exp
Zool 284(2):207-216 (1999).
22. Maden M, Corcoran J. Role of thyroid hormone and
retinoid receptors in the homeotic transformation oftails
into limbs in frogs. Dev Genet 19(1):85-93 (1996).
23. Puzianowska-Kuznicka M, Damjanovski S, Shi YB. Both
thyroid hormone and 9-cis retinoic acid receptors are
required to efficiently mediate the effects of thyroid hor-
mone on embryonic development and specific gene regu-
lation in Xenopus laevis. Mol Cell Biol 17(8):4738-4749
(1997).
24. Klinge CM, Bodenner DL, Desai D, Niles RM, Traish AM.
Binding of type 11 nuclear receptors and estrogen recep-
tor to full and half-site estrogen response elements in
vitro. NucI Acids Res 25(10):1903-1912 (1997).
25. Northern Prairie Wildlife Research Center. North
American Reporting CenterforAmphibian Malformations.
Jamestown, ND:Northern Prairie Wildlife Research
Center. Available: http://www.npwrc.usgs.gov/narcam
[version 24September 1999].
26. Hoppe D. Unpublished data.
27. Oullet M. Unpublished data.
28. Ankley GT, Tietge JE, Defoe DL, Jensen KM, Holcombe
GW, Durhan EJ, Diamond SA. Effects of ultraviolet light
and methoprene on survival and development of Rana
pipiens. Environ Toxicol Chem 17(12):2530-2543 (1998).
29. Burkhart JG, Helgen, JC, Fort DJ, Gallagher K, Bowers D,
Propst TL, Gernes M, Magner J, Shelby MD, Lucier G.
Induction of mortality and malformation in Xenopus lae-
vis embryos by water sources associated with field frog
deformities. Environ Health Perspect 106:841-848 (1998).
30. Fort DJ, Propst TL, Stover EL, Helgen JC, Levey R,
Gallagher K, Burkhart JG. Effects of pond water, sedi-
ment and sediment extracts from Minnesota and
Vermont on early development and metamorphosis in
Xenopus. Environ Toxicol Chem 18(10):2305-2315 (1999).
31. Fort DJ, Rogers R, Copley H, Bruning L, Stover EL, Helgen
J, Burkhart JG. Progress toward identifying causes of
mal-development induced in Xenopusby pond water and
sediment extracts from Minnesota. Environ Toxicol Chem
19(10):2316-2324 (1999).
32. Halley JM, Oldham RS, Arntzen JW. Predicting the per-
sistence of amphibian populations with the help of a
spatial model. J AppI Ecol 33:455-470 (1996).
33. Wagner C, Lokke H. Estimation ofecotoxicological protec-
tion levels from NOEC data. Wat Res 25:1237-1242 (1991).
W W, - 0
90 Volume 108, Number 1, January 2000 * Environmental Health Perspectives